Yellow fever mosquito sterol carrier protein (SCP-2) is known to bind to cholesterol. We report here the threedimensional structure of the complex of SCP-2 from Aedes aegypti with a C16 fatty acid to 1.35-Å resolution. The protein fold is exceedingly similar to the human and rabbit proteins, which consist of a five-stranded ␤-sheet that exhibits strand order 3-2-1-4-5 with an accompanying layer of four ␣-helices that cover the ␤-sheet. A large cavity exists at the interface of the layer ␣-helices and the ␤-sheet, which serves as the fatty acid binding site. The carboxylate moiety of the fatty acid is coordinated by a short loop that connects the first ␣-helix to the first ␤-strand, whereas the acyl chain extends deep into the interior of the protein. Interestingly, the orientation of the fatty acid is opposite to the observed orientation for Triton X-100 in the SCP-2-like domain from the peroxisomal multifunctional enzyme (Haapalainen, A. M., van 
mase, and stomatin (2) . 2 In vertebrates, SCP-2 and SCP-X share exactly the same nucleotide sequences of SCP-2 domains, because they are transcribed from the same gene (the SCP-2/ SCP-X gene). In all cases where the SCP-2 domain is part of a larger protein, the domain is located at the C terminus. Furthermore, the sequence identity among gene family members is very high, suggesting a conserved functional role for this protein (2) . Interestingly, those enzymes that contain this domain all modify hydrophobic substrates.
SCP-2 has been shown to bind to cholesterol, fatty acid, fatty acyl-CoA, and acidic phospholipids (4, 5) where the affinity for different ligands is in the following order: cholesterol Ͼ Ͼ straight chain fatty acid Ͼ kinked chain fatty acid (6) . Given this broad specificity and wide spread tissue distribution, it has proved difficult to identify the primary role of this protein (2) . However, SCP-2 has been shown to accelerate translocation of cholesterol between intracellular membrane structures (7) (8) (9) (10) . Likewise, the biological importance of SCP-2 in cholesterol trafficking was deduced from the knockout mice that show moderately decreased level of cholesterol absorption by intestine and severally reduced bile salt formation (11) . SCP-2 is also involved in fatty acid metabolism showing symptoms related to peroxisomal deficiency in SCP-2 knockout mice (12) . In addition, SCP-2 may participate in the lipid transport of phosphatidylinositol between intracellular sites and the plasma membrane (13) . Although there is strong biological evidence for the multifunctional binding of lipids to SCP-2, this has not been demonstrated at the molecular level. For example, SCP-2 extracted from liver does not contain associated cholesterol or any lipid (2, 14) . Thus, how SCP-2 binds to cholesterol or fatty acids in vivo and how it functions as a transporter continues to be a mystery.
Homologs of SCP have been found across the animal kingdom including in insects (Fig. 1) . The latter are particularly interesting, because insects have lost a number of key enzymes in cholesterol biosynthesis pathways (15) , which results in complete dependence on exogenous sources of cholesterol for biosynthesis of its steroid derivatives (16 -20) . This therefore demands that insects must have a mechanism for uptaking, transporting, and storing the cholesterol that is necessary throughout their life cycle. Indeed, insects have the tendency to accumulate cholesterol in the body during feeding stages when their diet is richer in lipids (21) . During that life stage, at least in Manduca sexta, there is a very low rate of cholesterol catabolism (22) .
Intracellular transportation of cholesterol in insects must meet two important biological needs: first the necessity to absorb free cholesterol for the construction of cellular mem-branes, and second to provide cholesterol as a precursor for the steroid biosynthesis. These two pathways most likely utilize the same intracellular transport protein(s) to mobilize cholesterol. At this time, SCP-2 appears to be a good candidate as a participant in this task.
SCP-X has been reported to have high levels of expression in the midgut of Drosophila embryos; however, only a 1.6-kb mRNA transcript arises from this transcript (23) . This differs from vertebrates, where the SCP-X/SCP-2 gene combination produces multiple transcripts. In yellow fever mosquito (Aedes aegypti), an independent gene has been identified that is similar to vertebrate SCP-2 (AeSCP-2). This protein also has high levels of expression in the midgut of larvae and high binding affinity for cholesterol (24) .
The in vivo function of insect SCP-2 is unknown. However, because insects do not synthesize cholesterol (25) , it is hypothesized SCP-2 may be involved in shuttling cholesterol and dietary sterols from lysosomes from which exogenous sterol enters the cell to the endoplasmic reticulum and mitochondria. After conversion of dietary sterols to cholesterol or cholesterol to 7-dehydrocholesterol in endoplasmic reticulum, SCP-2 may also be involved in transfer of the cholesterol to the mitochondria for steroid biosynthesis. The lack of peroxisomal localization sequence in the C terminus of AeSCP-2 (24) indicates that AeSCP-2 may only be involved in absorption and trafficking of cholesterol. This simplicity offers a unique opportunity for studying the sterol/lipid transporting function of the SCP-2 class of proteins.
The three-dimensional structures of SCP-2 domain from rabbits and humans have been determined (26, 27) together with the SCP-2-like domain from the human peroxisomal multifunctional enzyme (28) . These structures contain a unique fold that consists of one layer of antiparallel ␤-sheet juxtaposed against a layer of ␣-helices. A large hydrophobic cavity exists between these two layers of secondary structural elements, where it is presumed that cholesterol and fatty acyl derivatives are bound. The size of the cavity is appropriate for either a sterol or fatty acyl derivative. This fold is different from that found in most fatty acid-binding proteins that belong to the lipocalin superfamily and contain a ␤-clam motif (29, 30) .
Although the affinity for lipids is very high, there has only been one detailed structural report of a ligand bound to the SCP-2-like domain of the human multifunctional enzyme (28) . In this structure, Triton X-100, which bears some analogy to the protein's normal acyl-Co-A substrates, was observed to bind in a hydrophobic tunnel. Apart from this study, earlier observations by NMR revealed that the hydrophobic cleft is the likely binding site for fatty acyl ligands where the lipid interacts with residues of the first and third helices in SCP-2 (27) . However, the precise molecular interaction between SCP-2 and any of its natural ligand(s) is unknown.
In an effort to understand of structure and function of class of protein we report here, the structure of SCP-2 from the yellow fever mosquito complexed with a C16 fatty acid to 1.35-Å resolution. This study was initiated in part to expand our understanding of invertebrate members of the SCP-2 superfamily (24) but also because changing the source of a protein is often the best route for obtaining crystals of a ligand complex. As such, this structure provides insight into the manner in which fatty acids bind to this class of proteins. The results also show that there is a high degree of conservation in the three-dimensional structures of invertebrate and vertebrate SCP-2, which implies that the function of SCP-2 is conserved across the animal kingdom. (41) . The secondary structural elements correspond to the structure of yellow fever mosquito SCP-1, where the residues in contact with the hydrophobic acyl chain are highlighted in cyan, and those that coordinate the carboxyl moiety are depicted in orange. The residues that contact Triton X-100 in the structure of the human multifunctional enzyme type 2-SCP-2 domain (1IKTA) are depicted with a similar color scheme.
MATERIALS AND METHODS

Purification of Recombinant
of the AeSCP-2 gene was cloned into the pGEX-4T-2 GST tag vector (Amersham Biosciences). PCR primers were 5Ј-gtgaattcgaATGTCTCT-GAAGTCCG-3Ј (capital letters represent coding sequence; boldface letters represent the start codon; an EcoRI site was incorporated for cloning) and 5Ј-tactcgagTTACTTCAGCGAGG-3Ј (capital letters represent the antisense of coding sequence; boldface letters represent the antisense of the stop codon; a XhoI site was incorporated for cloning). The expression vector was transferred into Escherichia coli strain BL21 under 100 g/ml ampicillin selection (Amersham Biosciences). Sequence analysis was performed to confirm that the fusion protein was in frame with GST.
The rAeSCP-2 expression bacteria were grown in 200 ml of LuriaBertani (LB) medium with 100 g/ml ampicillin at 37°C overnight, and 50 ml of overnight bacterial culture was added into 500 ml of fresh LB medium with 100 g/ml ampicillin and grown at 37°C for about 2 h (A 600 ϭ 0.8). Then expression of rAeSCP-2 was induced by the addition of isopropyl-␤-D-thiogalactoside to a final concentration of 0.2 mM, and the culture was incubated at 18°C overnight to prevent the formation of inclusion body-bound rAeSCP-2.
Cells from 2.5 liters were harvested and resuspended in 30 ml of phosphate-buffered saline (140 mM NaCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4) with 5 mM dithiothreitol and 2 mM EDTA. Cells were lysed with a French press at 15,000 p.s.i. at 4°C. The cell lysate was centrifuged at 14,000 ϫ g at 4°C for 1 h to remove cellular debris. The GST/rAeSCP-2 fusion protein was purified on a GST affinity column (10-ml bed volume; Amersham Biosciences), and the GST tag was removed by digesting with 500 units of thrombin (Amersham Biosciences) in the column at 22°C overnight. The use of GST fusion and thrombin cleavage introduces additional residues at the N terminus compared with the wild type protein. Consequently, the amino acid sequence of the protein for the N terminus is Gly-Ser-Pro-Gly-Ile-ArgMet . . . , where the methionine indicates the start of the native sequence. The predicted molecular weight of the expression construct (rAeSCP-2) after cleavage is 12,839.90, which was confirmed by mass spectroscopy to be 12,841 (data not shown). Thrombin was removed from eluted rAeSCP-2 by passing through a benzamidine column (Amersham Biosciences). Purified rAeSCP-2 was concentrated in a Centricon YM-10 device (Amicon) to 10 mg/ml in phosphate-buffered saline, pH 7.4, stored in phosphate-buffered saline at Ϫ80°C. A typical purification procedure yielded 100 mg of protein from 2.5 liters of cell culture. Prior to crystallization trials, the protein was dialyzed in a Slide-A-Lyzer dialysis cassette (Pierce) for 20 h against 25 mM KCl, 50 mM Tris-HCl, pH 8.5, at 4°C.
Crystallization of rAeSCP-2-Crystals of ligand-bound rAeSCP-2 were grown by hanging drop vapor diffusion at room temperature. Typically, 3 l of rAeSCP-2 protein at 10 mg/ml was combined with an equal volume of 2 M sodium malonate, 100 mM Tris-HCl, pH 7.5. Crystals grew as hexagonal plates to a size of 0.6 ϫ 0.6 ϫ 1.5 mm within 5 days. The crystals were very stable at room temperature and retained strong diffraction a year after they were initially prepared. The crystals belonged to space group P2 1 Structural Analysis of rAeSCP-2-The x-ray data were collected to 1.35-Å resolution with CuK␣ radiation at 4°C with a Bruker HISTAR area detector equipped with Super long mirrors. The x-ray source was a Rigaku RU200B x-ray generator operated at 50 kV and 90 mA. The x-ray data were processed with SAINT and internally scaled with XSCALIBRE.
3 X-ray data collection statistics are presented in Table I . The structure was determined by molecular replacement starting from the structure of rabbit SCP-2 (RSCB accession number 1C44 (26)) utilizing the program EPMR (31) . Iterative cycles of least-squares refinement and manual model building with the programs TNT and Turbo (32, 33) reduced the R-factor to 18.7% for all measured x-ray data from 30.0-to 1.35-Å resolution. The R-free was 22.6% for 10% of the data that were excluded from the refinement. Least-squares refinement statistics are presented in Table II . Analysis of the coordinates with the program PROCHECK (34) revealed that 92.2% of the residues lie in the most favored regions of the Ramachandran plot, whereas the remaining 6.8% of the residues lie in additionally allowed areas. One residue, Val 51 , lies in the generously allowed region, but its electron density is unequivocal. No residues are located in the disallowed regions. A section of representative electron density is shown in Fig. 2 .
RESULTS AND DISCUSSION
Structural Description-The structure of recombinant SCP-2 from the yellow fever mosquito (rAeSCP-2) was determined to 1.35-Å resolution in complex with a 16-carbon fatty acid. The electron density for the polypeptide chain extends almost continuously from Gly Ϫ3 to Lys 110 , where Gly 37 and Gly 38 are less well ordered than other sections of the polypeptide chain (Fig.  2) . The first three visible amino acids, Gly Ϫ3 , Ile Ϫ2 , and Arg Ϫ1 , are a residual from the thrombin cleavage introduced by the 3 I. Rayment and G. Wesenberg, unpublished results. GST fusion construct. The first three amino acids in this cloning artifact (Gly Ϫ6 , Ser Ϫ5 , and Pro Ϫ4 ) are not well ordered but are present in the crystal lattice on the basis of mass spectroscopic measurements.
As shown in Fig. 3 , SCP-2 belongs to the ␣ ϩ ␤ tertiary structural classification of proteins where the fold is characteristic of the sterol carrier protein superfamily as defined by structural classification of proteins (35) . The order of secondary structural elements in the protein is as follows:
This fold is dominated by a five-stranded ␤-sheet that exhibits strand order 3-2-1-4-5 with an layer of four ␣-helices that cover the ␤-sheet. A large cavity exists at the interface of the layers of ␣-helices and the ␤-sheet, which serves as the lipid binding site discussed below.
The tertiary structure of mosquito SCP-2 is very similar to that of both human and rabbit SCP-2 (Fig. 4) . Indeed, superposition of the coordinates of human protein on the mosquito carrier protein with the program Align (36) reveals that the root mean square difference between 97 structurally equivalent amino acids is only 1.15 Å. Likewise for the protein from rabbit, the root mean square difference is similarly 1.1 Å for 97 equivalent residues. This indicates a remarkable structural similarity between the mammalian and insect proteins in light of their limited sequence identity of approximately ϳ30% (Fig.  1) . The major structural difference between mosquito SCP-2 and rabbit and human SCP-2 is the loop that coordinates the carboxylate group of the fatty acid in mosquito SCP, which is replaced by an ␣-helix in the mammalian proteins. The orientation of the final ␣-helix differs somewhat between these proteins as does the loops that connect. There are also a few small insertions and deletions in the loops that connect ␤-strands 2 and 3, and ␤-strands 3 and 4.
Lipid Binding Site-As noted above, the arrangement of secondary structural elements creates a large cavity that serves as the lipid binding site. In the structure of rAeSCP-2 described here at 1.35-Å resolution, this cavity contains a saturated 16-carbon fatty acid, which, on the basis of the unequivocal electron density, corresponds to palmitic acid (Fig. 5a) . Although the bend in the fatty acid might suggest an unsaturated fatty acid, the separation and position of the centers of mass in the electron density are only consistent with a saturated fatty acid. Furthermore, the distribution of methylene groups is inconsistent with a cis-linkage between any atoms. Finally, the bend occurs after C-10, which precludes oleic acid.
The carboxylate group of the fatty acid lies toward the outer opening of the hydrophobic pocket and is sequestered primarily by the loop that connects ␣-helix-1 to ␤-strand-1, which is composed of residues Ser 18 -His 28 (Fig. 5b) . One oxygen of the carboxylate moiety is coordinated by the side chain of Arg 24 and main chain amide hydrogens of Gln 25 and Val 26 . This series of interactions serves to orient the carboxyl group in the binding pocket. The second oxygen is more solvent-exposed but is still hydrogen-bonded to two well defined water molecules. One of these is coordinated to the side chain of Arg 15 , whereas the second is bound to the main chain oxygens of Asn 23 and Asp 20 , together with the main chain amide hydrogen of Asp 20 . All of the interactions with the fatty acid carboxylate moiety, both direct and water-mediated, are provided by residues in the first helix and the loop that forms the connection to the first ␤-strand. It is of interest that the use of arginine residues to coordinate the carboxylate of a fatty acid is a feature common to other fatty acid-binding proteins that exhibit completely different protein folds (37) .
The acyl chain of the fatty acid extends from the surface of protein deep into the binding pocket. In the first instance, the path of the acyl chain runs approximately parallel to the strands of the ␤-sheet roughly adjacent to strands 2 and 3. At around atom C-11 the acyl chain bends so that the final atoms of the chain run across the strands of the ␤-sheet. Coordination of the carboxyl moiety at the outer edge of the binding pocket increases the length of the acyl chain that can be accommodated by this protein.
The entire length of the acyl chain is surrounded by hydrophobic residues. Those in direct Van 24 . This list represents only a subset of the hydrophobic residues that line the lipid binding cavity as indicated in Fig.  5b . This suggests that the hydrophobic cavity might accommodate a larger ligand such as cholesterol.
Structural Comparison with Mammalian SCPs-As noted above, the structure of yellow fever mosquito SCP-2 is exceedingly similar to that of the mammalian structures described earlier. This is perhaps not surprising, since they share the ability to bind and transport sterols. Even so, the percentage of residues that are structurally equivalent is much higher than expected for most homologous proteins that exhibit 30% sequence identity (Fig. 1) . Indeed, for a typical group of homologous proteins, only 60% of the residues would be expected to reside in the common core, whereas for the SCP-2 family, ϳ90% of the residues lie within 3 Å of their structurally related counterparts (38) . This suggests that the necessity of maintaining a cavity for the transport of lipids has placed restraints on the evolution of this protein fold. Indeed, comparison of the sequences of vertebrate and insect SCP-2s shows that although the exact residue varies on the interior of the cavity, the hydrophobicity is highly conserved (Fig. 1) .
All of the structures of SCP-2 reported thus far have either been of the apo forms or in the presence of a nonnatural ligand (26 -28) . The structural determination reported here is the first to show how a fatty acid might bind in the lipid binding pocket. Interestingly, the secondary structure associated with the coordination of the carboxyl moiety in yellow fever mosquito SCP-2 is different from that in human or rabbit homologs. In the mosquito SCP-2, the coordination site is formed by a loop that connects the first helix with the first ␤-strand, whereas in both rabbits and humans, this loop is replaced by a short ␣-helix. The presence of an ␣-helix at this location demands that the mammalian proteins must coordinate the carboxyl moiety of fatty acids in a different manner from the insect proteins, since this secondary structural element eliminates the binding loop. The only way in which the binding could be maintained in the same manner as the insect protein would be if the ␣-helix were to unfold to create a binding loop. Although this is unlikely, the number of residues associated with the loop in the insect protein and the helix in the mammalian proteins is similar. Interestingly, the sequence alignment shows that residues appropriate for forming a carboxyl binding pocket are found in each sequence, although they fulfill different structural roles in the mammalian sterol carrier proteins (Fig. 1) .
The structure of the human SCP-2-like domain from the peroxisomal multifunctional enzyme complexed with the detergent Triton X has been reported (28) . In this complex, the tetramethylbutyl-phenyl moiety of the triton molecule is deeply buried within the binding pocket. When the insect and human proteins are superimposed, the phenyl moiety of the Triton-X overlaps with C-11-C-16 of the palmitic acid (Fig. 6) . As a consequence, the polyoxyethylene tail of the detergent extends in the opposite direction away from the carboxyl group of the fatty acid and exits the protein at a different portal (only three and a half oxyethylene units are observed in the model). This portal is formed by the triangulation of the fifth ␤-strand and the immediately preceding and succeeding ␣-helices. A similar arrangement of secondary structural elements is found in mosquito SCP-2.
In the human SCP-2 domain, there is a cluster of exposed hydrophobic amino acid residues that surround the exit portal for the Triton-X polyoxyethylene tail, where the only polar component is provided by a group of glutamine residues (Gln 90 , Gln 108 , and Gln 111 ). A similar arrangement is found in the mosquito protein so that although its hydrophobic binding pocket does not extend to the surface at this point, it is conceivable that with minor rearrangements of the helices this portal could exist.
The manner in which cholesterol binds to SCP-2 is unknown for any member of this family, although there is unequivocal evidence that these proteins can carry a variety of lipids (2) . Comparison of the human SCP-2-like domain with the insect protein suggests that the hydrophobic binding cleft may exhibit some flexibility in order to accommodate their ligands. Indeed, a larger cavity volume will certainly be required to accommodate cholesterol in the mosquito protein, since the Van der Waals volume of cholesterol is considerably larger than a C16 fatty acid (350 Å 3 compared with 230 Å 3 as calculated with the program Atvol (by M. J. Word; available on the World Wide Web at kinemage.biochem.duke.edu/software/software3. html#atvol). In the same manner, the orientation of cholesterol in the binding pocket is unknown. Although there is precedence for orientation of the polar moiety close to the carboxylate binding loop in the insect protein, the reverse orientation is suggested from the structure of Triton-X bound to the human SCP-2-like domain.
As noted earlier, although there is limited sequence similarity between mosquito SCP-2 and mammalian analogs, the structural similarity is remarkable. Given that the structure of rabbit SCP-2 was determined in its apo form and yet there is still a close structural relationship between both mosquito and the human SCP-2-like domain, which are bound to ligand, this suggests that the overall shape of the cavity does not change when lipids are sequestered. Thus, it would appear that, as in other fatty acid-binding proteins, the binding site in SCP-2 is preformed. If this is true, this would favor orientation of cholesterol with its polar moiety toward the carboxylate binding site, since the cavity is broader at that end. This would be in opposition to the human SCP-2-like domain, which utilizes a different exit portal. The overall volume of the cavity is substantial, although it is difficult to obtain a meaningful estimate of the volume due to variability between algorithms and probe parameters (40) .
It is interesting that a C16 fatty acid was incorporated adventitiously into mosquito SCP-2 during its heterologous biosynthesis in E. coli, whereas expression of the mammalian proteins under similar conditions did not lead to incorporation of a hydrophobic ligand. This suggests that either the affinity of this protein for fatty acids is higher than that of its mammalian counterparts or that the manner in which the protein interacts with the cell membrane to load its ligand is different.
Conclusions-The results of this study show for the first time how fatty acids bind to SCP-2. Since the fatty acid was incorporated during biosynthesis, this implies that, at least for insect proteins in this family, this might be a natural ligand, as has been implicated by fatty acid-binding studies (2) . As a member of the SCP-2 gene family, SCP-2 is expected to function as an intracellular lipid transporter. AeSCP-2 is the first insect SCP-2 that has been studied in detail (24) , and although its biological function still unknown, it is likely that SCP-2 plays an important role in lipid metabolism in insects. The three-dimensional structure of rAeSCP-2 is of interest in two aspects. First, rAeSCP-2 has high similarity to vertebrate SCP-2 structurally. Second, rAeSCP-2 is a fatty acid-binding protein and might have a function similar to that of vertebrate SCP-2.
A major finding of this study is that the fatty acid in the insect SCP binds in the opposite orientation to Triton X-100 in the human SCP-2-like domain of the multifunctional enzyme (28) . In this way, the hydrophobic moieties of these lipids are oriented at opposite ends of the molecule. This suggests that these proteins may exhibit multiple binding modes for their ligands, depending on the nature of the lipid. Further experimental studies to examine this problem are in progress.
